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ABSTRACT:  Zni-JMg^O  alloy  formation  via  band  gap  engineering  is  important  in  the  development  of  blue— UV  optoelectronic  devices 
by  providing  lattice-matched  transparent  substrates  for  ZnO  and  nitride-related  devices.  Zni-JMgjtO  alloy  single  crystals  (Zn0.97Mg0.03O  and 
Zn0.945Mg0.055O)  have  been  successfully  grown  by  the  hydrothermal  technique.  The  growth  experiments  were  carried  out  at  650  °C  and 
15—18  kpsi  in  alkaline  solutions.  Zni-JVlgAC)  alloy  crystals  were  formed  at  pressures  below  ~22  kpsi  at  the  growth  temperature  of  650  °C. 
These  conditions  are  similar  to  the  formation  of  MgO  under  hydrothermal  conditions.  A  thin  ZnO  layer  formed  on  the  surface  of  the 
ZnMgO  crystals  as  the  autoclaves  cooled  to  room  temperature.  After  the  ZnO  layer  was  removed  by  etching  or  polishing  from  both  the 
Zn0.97Mg0.03O  and  Zn0.945Mg0.055O  samples,  blue  shifts  of  the  photoluminescence  emission  from  the  3.364  eV  line  of  pure  ZnO  to  3.414  and 
3.447  eV,  respectively,  were  measured  at  ~18  K.  The  composition  of  the  alloys  was  confirmed  by  using  secondary  ion  mass  spectros¬ 
copy  (SIMS)  elemental  analysis.  X-ray  diffraction  indicated  that  the  alloy  crystals  have  good  structural  quality,  whereas  the  lattice  param¬ 
eters  are  smaller  than  those  of  pure  ZnO  (for  Zn0.945Mg0.055O  a  =  3.2416  A,  c  =  5.1998  A)  because  the  radius  of  Mg2+  is  smaller  than  that 
of  Zn2+. 


1.  Introduction 

Research  on  zinc  oxide  and  its  alloys  has  seen  a  surge  of  activity 
because  of  their  potential  for  optoelectronic  devices.1’2  One  of  the 
important  steps  for  the  design  of  ZnO-based  optoelectronic  devices 
is  the  realization  of  band  gap  engineering  by  alloying  ZnO  with 
other  metallic  oxides.  The  ZnMgCdO  alloy  system  has  certain 
advantages  over  the  AlGalnN  alloy  system,  such  as  higher  exciton 
binding  energies,  ability  to  grow  direct  band  gap  alloys  from  green 
to  UV  with  a  smaller  change  in  lattice  constants,  availability  of 
large  lattice-matched  substrates,  lower  growth  temperatures,  and 
faster  etch  rates. 

Like  many  other  semiconductor  ternary  systems,  ZnO  alloys  with 
various  compounds  give  one  the  ability  to  control  their  energy  band 
gap.  ZnMgO  is  an  appropriate  candidate  as  barrier  material  for  ZnO 
quantum  wells;  the  incorporation  of  magnesium  increases  the  band 
gap  linearly  as  a  function  of  Mg  concentration  in  Zni-JMg/)  films.3 
Narrowing  of  the  band  gap  can  be  achieved  by  the  incorporation 
of  cadmium  into  the  ZnO  crystal;  the  band  gap  decreases  monotoni- 
cally  (but  not  linearly)  from  3.3  to  2.9  eV  with  Cd  concentration 
up  to  8%.  Zni_AMgA0  films  and  Zni-xCdA0  films  on  sapphire  and 
ZnO— ZnMgO  quantum  well  structures  have  been  grown  by  pulsed 
laser  deposition  (PLD) 45  molecular  beam  epitaxy  (MBE),6  and 
metal  organic  vapor-phase  epitaxy  (MOVPE).7  It  was  also  re¬ 
ported  recently  that  ZnMgO  films  can  be  grown  by  liquid-phase 
epitaxy.  8 

ZnO  has  a  wurtzite  structure  with  a  band  gap  of  3.364  eV;  MgO 
has  a  rock-salt  structure  with  a  band  gap  of  8.4  eV.  Intense 
ultraviolet  band  edge  photoluminescence  and  excitonic  absorption 
structures  were  observed  at  room  temperature  in  Zni-AMgA0  films 
with  up  to  36  atomic  percent  Mg  incorporation.  The  band  gap  varies 
linearly  from  3.3  to  4.2  eV  with  Mg  content.  Beyond  36%,  phase 
separation  of  MgO  and  ZnO  takes  place,  and  when  Mg  concentra¬ 
tion  is  higher  than  62%,  Zni-JVlg^O  films  crystallize  in  the  cubic 
structure  with  a  lattice  parameter  close  to  that  of  MgO.3’4 

There  are  no  reports  on  hydrothermal  growth  of  Zni-AMgA0  alloy 
crystals.  If  the  hydrothermal  technique  is  able  to  grow  Zn  1  _AMgA0 
alloy  crystals,  even  though  this  technique  will  be  limited  by  the 
low  solubility  of  MgO  in  wurtzite  Zni_AMgA0  alloys,  there  are  some 
advantages  over  other  techniques:  (1)  alloys  with  a  uniform 
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composition;  (2)  large  bulk  alloy  crystals  suitable  as  substrates  for 
ZnO  and  nitride-based  optoelectronic  devices,  with  improved 
properties  compared  with  pure  ZnO  substrates;  (3)  crystals  of  high 
quality  due  to  the  growth  at  near  equilibrium  conditions  at  lower 
temperatures.  This  paper  reports  the  crystal  growth  of  Zni-AMgA0 
alloy  by  the  hydrothermal  technique,  and  characterization  of  the 
grown  alloy  by  secondary  ion  mass  spectroscopy  (SIMS),  X-ray 
diffraction  (XRD),  and  photoluminescence. 

2.  Experiment 

Because  a  temperature  greater  than  600  °C  is  required  to  grow  the  alloy, 
two  Temp-Pres  Rene  41  nickel-based  autoclaves  were  used  for  the 
experiments.  One  autoclave  has  a  140  cm3  internal  volume  with  2.22  cm 
ID;  the  other  has  a  260  cm3  internal  volume  with  3.3  cm  ID.  Both  autoclaves 
are  capable  of  60  kpsi  at  600  °C  or  40  kpsi  at  700  °C  and  use  a  Bridgman- 
type  seal.  A  platinum  liner  was  used  in  all  experiments  to  isolate  the  growth 
environment,  which  contains  a  high  concentration  of  hydroxide  as  miner¬ 
alization  solution  and  is  very  corrosive,  from  the  autoclave  walls.  The 
platinum  liner  has  OD  16  mm  (14  mm  ID),  volume  16—33  cm3,  and 
45—60%  fill.  Water  at  the  same  percent  fill  was  used  between  the  liner 
and  the  autoclave  to  counterbalance  the  pressure.  Potassium  hydroxide 
solution  (3—5  N)  was  used  as  mineralizer,  and  pure  ZnO  single  crystals 
grown  in  previous  hydrothermal  experiments  were  used  as  seeds.  Sintered 
ZnO  powder  was  used  as  nutrient.  Up  to  20  wt  %  of  high  purity  MgO 
commercial  powder  (99.999%)  was  added  into  the  growth  solution.  Usually 
9—20  g  of  sintered  ZnO  and  0.5—5  g  of  MgO  pure  powder  were  used  in 
each  run.  The  details  of  hydrothermal  crystal  growth,  using  Pt  liners,  are 
described  in  refs  9—12. 

The  grown  crystals  were  analyzed  by  secondary  ion  mass  spectroscopy 
(SIMS)  to  determine  the  amount  of  magnesium  that  was  incorporated  into 
the  crystals.  X-ray  diffraction  was  used  to  identify  the  phase  formation. 
Low-temperature  photoluminescence  (PL)  was  used  to  evaluate  the  optical 
properties.  PL  measurements  were  done  at  18  K  using  a  Spex  3/4  meter 
grating  spectrometer  equipped  with  a  photomultiplier  tube;  the  excitation 
source  was  a  325  nm  CW  He— Cd  laser.  The  grown  alloy  crystals  were 
etched  using  a  50%  HC1  solution  or  polished  to  remove  the  grown  surface 
of  the  samples  that  might  have  deposited  during  autoclave  cooling.  This 
“internal”  material  was  compared  to  the  “as-grown”  surface  in  photolumi¬ 
nescence  measurements. 

3.  Results  and  Discussion 

3.1.  Growth  Conditions  for  Hydrothermal  Zni-JMg^O  Crys¬ 
tals.  It  is  known  that  the  growth  of  zinc  oxide  crystals  can  be  easily 
realized  in  a  wide  temperature  range  between  150  and  400  °C  in 
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Figure  1.  XRD  powder  diffraction  patterns  of  hydro  thermally  grown 
Zni-  JVlg^O:19’20  (a)  the  materials  obtained  at  350  °C  are  pure  ZnO  mixed 
with  Mg(OH)2;  (b)  for  the  crystals  obtained  at  650  °C,  a  composition  with 
Zno.97Mgo.03O  was  identified.  In  both  cases,  the  grown  single  crystals  were 
ground  into  powder  for  X-ray  powder  diffraction. 

an  autoclave.13-15  However,  there  are  no  reports  on  the  hydrother¬ 
mal  growth  of  Zni-JVlg^O  alloy  crystals.  Hydrothermal  growth  of 
MgO  crystals  was  reported  by  Webster  and  White16  in  1969.  Using 
12.5  N  sodium  hydroxide  solutions  with  large  temperature  gradients 
(AT  =150  °C)  along  the  length  of  the  autoclave,  they  conducted 
experiments  for  growing  MgO  crystals  at  500  bar  for  18  h  and  at 
growth  temperatures  from  680  to  790  °C.  However,  no  appreciable 
growth  on  the  seed  crystals  was  obtained  under  these  conditions. 
In  some  experiments,  small  spontaneously  nucleated  magnesia 
crystals  formed  on  the  cooler  parts  of  the  autoclave  liner.  Roy  et 
al.17  reported  the  phase  diagram  of  Mg(OH)2— H20  in  the  early 
1950s.  It  was  shown  that  MgO  (periclase)  phase  can  be  formed 
only  above  700  °C  at  pressure  lower  than  1  atm,  and  Mg(OH)2 
(brucite)  is  the  stable  phase  at  temperatures  below  700  °C.  Barnes 
and  Ernst 18  reported  the  phase  relations  of  Mg(OH)2— MgO— NaOH 
in  1963.  MgO  can  be  formed  from  Mg(OH)2  at  607  °C  and  1000 
bar  or  at  634  °C  and  1500  bar  in  the  presence  of  12.5  M  NaOH. 
MgO  and  Mg(OH)2  have  an  equilibrium  as  shown  by  eq  1. 

MgO  (periclase)  +  H20  ^  Mg(OH)2  (brucite)  (1) 

Initially  we  tried  to  grow  Zni-JVtg^O  alloy  crystals  at  350—400 
°C  in  alkaline  solutions.  No  magnesium  incorporated  into  ZnO. 
Two  separate  phases19  20  of  pure  ZnO  and  brucite  formed,  as  shown 
by  X-ray  powder  diffraction  in  Figure  la.  To  grow  Zni-JVtg^O 
alloy  crystals  by  the  hydrothermal  technique,  temperatures  higher 
than  those  required  for  pure  ZnO  crystal  growth  are  necessary.  A 
temperature  between  650  and  675  °C  was  chosen  for  Zni-JVlg^O 
growth  experiments,  and  nickel-based  autoclaves  were  used  to 


Figure  2.  P—T  curve  for  the  reaction  (brucite  =  periclase  +  H20)  in  12.5 
M  NaOH  solution18  and  the  conditions  for  Zn  1  AMgrO  alloy  formation  (x 
=  0.03—0.055)  in  4  N  KOH  solution  (this  work). 


Figure  3.  Photograph  of  Zno.945Mgo.055O  as  grown  crystals.  Pure  ZnO 
crystals  were  used  as  seeds. 

accommodate  such  high  temperatures.  Successful  experiments  were 
carried  out  when  seeds  were  put  in  the  growth  zone  at  650  °C  and 
nutrient  in  the  dissolution  zone  at  660  °C  with  the  pressure  at 
15—18  kpsi  (1025  —  1237  bar).  We  found  that  the  ZnO  seeds 
dissolve  or  no  growth  occurs  if  the  temperature  difference  between 
two  zones  is  smaller  than  10  °C. 

Pressure  is  another  issue  to  consider  for  a  successful  growth  of 
Zni-JVlg^O.  Since  the  experiment  was  run  at  650—675  °C,  a  low 
pressure  is  required  to  avoid  autoclave  damage,  as  well  as  for 
personnel  safety.  So  a  40—60%  fill  was  used.  It  was  found  that  in 
the  650—675  °C  temperature  range  and  when  the  pressure  was  24.5 
kpsi  (1660  bar),  no  Zni-JVlg/)  alloy  crystals  were  formed. 
However,  in  this  same  temperature  range  but  with  the  pressure 
below  18  kpsi,  Zni-JVlg/)  alloy  crystals  (x  =  0.03—0.05)  did  grow. 
These  conditions  are  similar  to  formation  of  MgO  under  hydro- 
thermal  conditions.  The  pressure— temperature  ( P—T )  conditions 
of  Zni-JVtgjcO  formation  in  comparison  with  the  data  from  ref  16 
is  shown  in  Figure  2.  One  can  find  that  the  formation  conditions 
of  Zni_xMgxO  are  consistent  with  the  P—T  curve  obtained  from 
the  MgO— Mg(OH)2— NaOH  system,  though  the  growing  crystal 
is  Zni-JV[g;tO  and  the  mineralizer  is  KOH.  In  addition,  a  condition 
with  a  low  pressure  and  a  high  temperature  favors  the  formation 
of  the  Zni_xMgxO  phase. 

Crystals  obtained  from  two  successful  hydrothermal 
growth  experiments  were  characterized  as  Zno.97  Mgo.030  and 
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Figure  4.  SIMS  depth  profile  of  a  Zno.945Mgo.055O  crystal. 

Zn0.945Mg0.055O.  Some  of  the  as-grown  crystals  of 
Zn0.945Mg0.055O  are  shown  in  Figure  3.  XRD  patterns  of  these  two 
crystals  were  the  same  as  that  of  the  pure  ZnO,  as  seen  in  Figure 
lb.  However,  the  lattice  parameters  of  the  Zn0.945Mg0.055O  crystal 
calculated  from  our  powder  diffraction  are  a  =  3.2416  A,  c  = 
5.1998  A,  which  is  smaller  than  that  of  pure  ZnO  (from  JCPDS,19 
a  =  3.2498  A,  c  =  5.207  A)  because  the  radius  of  the  magnesium 
ion  Mg2+  (0.057  nm)  is  smaller  than  that  of  Zn2+  (0.06  nm). 

A  SIMS  depth  profile  for  the  crystal  with  about  5.5%  molar  ratio 
of  magnesium  incorporation  is  shown  in  Figure  4.  This  analysis 
shows  that  the  Mg  content  is  about  1.1  x  1021  atoms/cm3  in  this 
hydrothermally  grown  Zn  1  _AMgA0  alloy.  The  Mg  content  in  the 
crystal  is  also  indicated  from  the  band  gap  blue  shift  of  83  meV 
from  3.364  eY  of  pure  ZnO  by  the  PL  measurements  (see  Figure 
6).  From  SIMS  results,  one  can  also  find  that  although  we  used  a 
high  concentration  of  KOH  as  mineralizer  for  the  experiments,  just 
a  small  amount  of  potassium  was  incorporated  in  the  alloy  but  a 
higher  concentration  of  lithium  was  incorporated  due  to  its  small 
ionic  radius. 

Because  the  ionic  radii  of  Mg2+  and  Zn2+  are  sufficiently  close, 
a  large  lattice  deformation  in  the  MgZnO  structure  can  be  avoided 
when  a  low  Mg  concentration  is  incorporated  in  wurtzite  structure 
or  a  low  Zn  concentration  is  incorporated  in  the  cubic  structure  of 
MgO.  Regarding  the  low  Mg  concentration  domain  in  wurtzite 
MgZnO,  the  reported  thermodynamic  solubility  limit 24  of  MgO  in 
ZnO  for  hexagonal  Zni-JMg^O  is  x  ^  0.06.  The  magnesium 
concentration  in  our  hydrothermal  Zn0.945Mg0.055O  alloy  is  very  close 
to  this  highest  concentration  that  can  be  incorporated  in  ZnO  with 
wurtzite  stmcture  by  solution  growth.  However,  there  are  no  detailed 
reports  on  the  highest  concentration  of  MgO  can  be  alloyed  with 
ZnO  while  the  formed  alloys  are  still  in  the  wurtzite  structure.24-26 
Hexagonal  epitaxial  Zni-JMg^O  films  with  v  values  up  to  36%  were 
reported  3  26  and  were  considered  as  a  metastable  phase. 

If  the  phase  diagram  of  MgO— ZnO  in  ref  25  is  true,  it  is  unlikely 
that  wurtzite  Zni-JMgxO  with  0.62  >  v  >  0.06  could  be  grown  by 
the  hydrothermal  technique.  However,  cubic  Zni-JMg/)  (x  >  0.62) 
could  be  grown  by  the  hydrothermal  technique  if  the  growth 
temperature  is  high  and  the  concentration  of  MgO— Mg(OH)2  is 
greater  than  that  of  ZnO— Zn(OH)2  in  the  system. 

3.2.  Photoluminescence  Measurements.  PL  measurements  were 
performed  on  the  samples  at  room  temperature  and  at  ~18  K. 
Samples  were  measured  as-grown  and  after  removing  the  surface 
by  polishing  or  etching.  It  is  important  to  examine  the  PL  from  the 


Figure  5.  Photoluminescence  spectra  of  as-grown  and  etched  Zn0.97Mg0.03O 
crystal  obtained  at  17  K. 

“interior”  of  the  alloy  because  during  cooling  of  the  autoclave  a 
thin  ZnO  layer  grows  on  the  surface  of  the  crystal.  As  shown  in 
Figure  5,  the  PL  spectra  of  the  as-grown  Zn0.97Mg0.03O  contains 
near-band-edge  emission  peaks  of  both  Zn0.97Mg0.03O  at  3.414  eV 
and  pure  ZnO  at  3.364  eV;  the  peak  of  pure  ZnO  at  3.364  eV  is 
much  stronger  than  the  peak  at  3.414  eY.  This  means  that  the  as 
grown  material  contains  a  high  amount  of  ZnO  on  the  surface  of 
the  alloy  crystal.  After  the  as-grown  crystal  was  etched  in  a  HC1 
solution  (about  25%  of  the  weight  was  etched  away),  the  PL  spectra 
of  the  etched  crystal  show  no  ZnO  emission  peaks,  but  the  emission 
peak  of  Zn0.97Mg0.03O  at  3.414  eV  becomes  stronger.  The  50  meV 
band  gap  shift  after  etching  indicates  that  a  true  alloy  was  formed 
and  a  thin  layer  of  crystalline  ZnO  on  the  surface  of  the  alloy  was 
removed.  Crystals  from  another  hydrothermal  growth  experiment 
were  also  examined  by  PL.  This  as-grown  alloy  also  had  multiple 
emission  peaks  located  at  3.447  and  3.364  eV.  Instead  of  etching, 
the  sample  was  polished  to  remove  the  thin  ZnO  surface  layer  that 
grew  during  cooling.  The  PL  spectrum  after  polishing  is  shown  in 
Figure  6.  A  strong  near-band-edge  emission  is  located  at  3.447  eV, 
about  83  meV  higher  than  pure  ZnO  near-band-edge  emission.  From 
SIMS  analysis  in  Figure  4,  this  sample  contains  about  5.5%  Mg. 
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Figure  6.  Photoluminescence  spectra  of  Zno.945Mgo.055O  crystal  obtained 
at  19  K.  The  as-grown  crystal  was  polished  instead  of  etched;  about  0.25 
mm  of  the  as-grown  surface  was  removed  from  a  2  mm  thick  crystal  before 
PL  and  SIMS  measurements. 


Figure  7.  Schematic  drawing  of  hydrothermally  grown  ZniAMgA0.  The 
surface  is  covered  by  a  thin  crystalline  ZnO  layer. 

According  to  ref  3,  when  v  =  0.33,  the  PL  of  band  gap  emission 
of  Zni_xMgxO  is  at  3.87  eV  (for  pure  ZnO,  jc  =  0,  the  PL  of  band 
gap  emission  is  at  3.36  eV).  Using  this  result  and  assuming  the 
bowing  parameter  is  zero,  we  calculate  that  the  Mg  contents  in  our 
two  alloy  crystals  are  5.37%  and  3.24%  respectively.  Both 
compositions  are  very  close  to  the  SIMS  analysis  for  our  respective 
samples.  This  result  is  interesting  because  the  Zni-^Mg^O  in  ref  3 
was  metastable  (deposited  by  PLD)  and  certainly  contained  a  lot 
of  strains  due  to  deposit  on  sapphire,  whereas  our  Zni_AMgA0 
crystals  were  grown  on  a  nearly  homo-epitaxial  substrate  under 
nearly  equilibrium  conditions. 

The  etching  or  polishing  to  remove  the  ZnO  surface  layer  on 
the  Zni-JMg^O  is  important.  Zinc  oxide  in  4  M  KOH  solution  at 
500—600  °C  has  a  very  high  solubility  (solubility  of  ZnO  in  6  M 
KOH  at  650  °C  is  about  6  wt  %,  4  wt  %  at  350  °C21  ).  When  an 
autoclave  is  cooled,  the  solution  becomes  supersaturated,  and  ZnO 
nucleates  on  the  ZnMgO  surface  without  incorporating  Mg  into 
the  lattice,  as  shown  schematically  in  Figure  7.  According  to  Hiittig 
and  Miildner22  and  Laudise  et  al.,23  the  temperature  for  the 
Zn(OH)2— ZnO  transition  should  nearly  coincide  with  the 
(H20)g— (H20)i  equilibrium  line,  and  the  pressure  of  water  over 
Zn(OH)2— ZnO  should  nearly  equal  the  vapor  pressure  of  pure 
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Figure  8.  X-ray  rocking  curves  of  a  hydrothermally  grown  Zno.945Mgo.055O 
measured  from  the  zinc  terminated  face  (double  axis  at— 20  scans):  (a) 
(0  0  0  2)  reflection;  (b)  (10—12)  reflection.  The  as-grown  surface  was 
ground  away  before  measurement. 

water.  ZnO  is  easily  formed  from  Zn(OH)2— H20  even  at  50  °C 
and  1  atm,  whereas  MgO  cannot  be  formed  from  Mg(OH)2— H20 
when  the  temperature  is  lower  than  700  °C  at  1  atm.  When  the 
experiment  is  interrupted,  the  growth  of  Zni-AMgA0  crystals  stops, 
but  ZnO  continues  to  grow  because  the  solution  still  is  supersatu¬ 
rated  due  to  the  temperature  decreasing.  At  the  same  time,  Mg- 
(OH)2  has  different  structure  and  crystallizes  separately  in  the  cold 
zone  during  cooling. 

3.3.  High-Resolution  X-ray  Diffraction.  High-resolution  X-ray 
diffraction  was  also  performed  on  the  hydrothermally  grown 
Zni-JVlg^O  alloy  crystals.  The  ZnO  layer  coating  on  the  surface 
was  first  ground  off  to  reveal  the  alloy  surface.  Full  width  at  half¬ 
maximum  (FWHM)  of  the  rocking  curves  measured  on  the  zinc 
face  was  100  arcsec  for  (0  0  0  2)  reflection  and  150  arcsec  for 
(10—12)  reflection,  as  seen  in  Figure  8.  The  rocking  curves 
measured  on  the  oxygen  face  had  multipeaks  for  (0  0  0  2)  reflection; 
FWHM  of  (10—12)  reflection  was  500  arcsec.  The  small  line 
width  broadening  may  be  attributed  to  misfit  stress  created  by  the 
difference  between  the  ZnO  seed  and  the  alloy  growth.  The  small 
peaks  in  the  X-ray  diffraction  may  be  due  to  surface  damage  from 
grinding.  Nevertheless,  the  results  show  that  the  alloy  crystals  have 
good  structural  quality.  Since  ZnO  seeds  were  used  for  the  growth 
of  these  unmatched  alloy  crystals,  a  better  result  can  be  expected 
if  perfect  alloy  seeds  were  used  and  the  surface  was  well  polished. 
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4.  Conclusion 

Zni-JMg/)  alloy  single  crystals  up  to  10  x  10  x  2  mm3  of 
uniform  composition  with  x  =  0.03—0.055  have  been  successfully 
grown  by  the  hydrothermal  technique.  The  growth  experiments 
were  carried  out  at  650  °C  and  15—18  kpsi.  Zn0.97Mg0.03O  and 
Zn0.945Mg0.055O  alloy  crystals  were  obtained.  PL  spectra  of  the 
alloy  crystals  show  blue  shifts  of  the  band  gap  from  3.364  eY  (x  = 
0,  i.e.,  pure  ZnO)  to  3.414  eV  (x  =  0.03)  and  3.447  eV  (jc  =  0.055). 
X-ray  diffraction  indicated  that  the  alloy  crystals  have  good 
structural  quality  with  lattice  parameters  smaller  than  those  of  pure 
ZnO  due  to  substitution  of  Zn2+  with  smaller  Mg2+.  The  lattice 
parameters  of  Zn0.945Mg0.055O  crystal  calculated  from  our  powder 
diffraction  are  a  =  3.2416  A,  c  =  5.1998  A  (for  pure  ZnO,  a  = 
3.2498  A,  c  =  5.207  A19).  The  alloy  crystals  were  coated  by  a  thin 
layer  of  crystalline  ZnO  during  cooling  of  the  autoclave.  These 
initial  results  show  the  value  of  using  the  hydrothermal  technique 
for  growing  ZnMgO  alloys  and  other  ZnO-based  alloys  to  produce 
lattice-matched  transparent  substrates  with  compositional  uniformity 
for  ZnO  and  nitride-related  devices.  Studies  of  the  formation  of 
Zni-JVlg/)  and  other  ZnO  alloys  through  band  gap  engineering 
will  promote  development  of  ZnO-based  optoelectronic  devices. 
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